Abstract: High frequency (~2 GHz) modulation of the mid-infrared emission from graded superlattice quantum cascade lasers is demonstrated and applied to a free space transmission of video / audio signals over distances of 70 meters.
Introduction:
Quantum Cascade (QC) Lasers are a new and versatile semiconductor light source for the entire mid-infrared wavelength range (λ ~ 3.5 -19 µm) [1] . The light emitting electronic transitions take place between quantized conduction band states of a multiple quantum well structure which is designed through band-structure engineering [2] and grown by molecular beam epitaxy [3] . Based on the unipolar nature of lasing mechanism, QClasers are expected to have excellent direct current modulation properties, recently addressed for the first time experimentally [4] and with theoretical limits in the THz regime [5] . Combined with favorable atmospheric transmission windows in the mid-IR band, this property of the QC laser recommends their use in very high bandwidth free space communications links. We present here the modulation properties of the laser out to a frequency of 2 GHz along with preliminary results on free space propagation of modulated laser signals.
Bridging the "last mile" link in the high bandwidth telecommunications infrastructure has revived interest in free space optical propagation links. Current commercial efforts are based on advanced fiber technology emitters and detectors in the 1.55 µm wavelength regime already demonstrating high bandwidth (2.5 Gb/s) as well as long distance (4 km) links [6] . Nevertheless, link reliability and maximum achievable distance is determined by atmospheric transmission losses. In particular, light scattering and scintillation effects turn out to be the dominant loss sources [6] . Based on their strong wavelength dependence, the use of the second atmospheric window (λ ~ 8 -13 µm) should lead to x100 lower losses compared to short wave IR under clear weather conditions (10 km visibility) [7] . For lower visibility conditions this advantage is expected to rise.
Modulation experiment:
In a first setup the high frequency modulation properties of a 3 mm long, 19 stage graded superlattice QC-Laser (D2433) were investigated. A detailed description of the optical and electrical properties can be found in [8] . The QC-laser was held at a constant 80 K temperature in a liquid nitrogen cryostat and driven with a continuous current of 550 mA slightly below its threshold (570 mA). The frequency doubled output (0 dBm) from an HP 8656B synthesizer was added to the dc-current using a bias-Tee, raising the current above threshold and modulating the laser emission. The emitted radiation with an average power of 10 mW at 7.347 µm was collected using f/3 ZnTelenses, transmitted over a distance of 1.5 m and focused on a biased high frequency HgCdTe detector (Sagem HgCdTe 011) with an identical lens. The detected signal was amplified by 20 dB using a matched amplifier and acquired using a HP 8560 spectrum analyzer. The measured values were corrected for the previously determined frequency response of the frequency doubler. Fig.1 shows the measured photocurrent signal referred to the input power at the bias-Tee for a range of frequencies between 100 MHz and 2 GHz. This value is a measure of the frequency-dependent overall losses of optical and electrical link. A line fit linearly to the data and a line representing the electrical noise floor of the spectrum analyzer are also included in the graph. The losses increase continuously with increasing frequency, reaching a 3 dB roll-off at ~500 MHz. However, no sharp cut-off frequency and only a slow signal decrease (~12 dB/GHz) is observed. The signal is detected with a high signal-to-noise ratio of 35 dB even at the highest frequency of 2 GHz. An estimation of the high frequency modulation limit of this setup leads to a value well above 3 GHz. Based on this result direct modulation and optical transmission of frequencies up to 2 -2.4 GHz should be possible.
Free space optical transmission of audio and video signal:
To demonstrate the communication applications the electronic supply and detection circuit was reconfigured. A low frequency, low-level dither (10 kHz, 1% modulation) was combined with a high frequency signal representing the communication signal. As an example, the antenna output of a standard VCR was used, supplying a 1 V p-p signal containing audio and video data (TV-Channel 3: 10 MHz bandwidth, centered at 66 MHz). The combined electrical current was directly connected to the QC-laser. Using the same focusing optics as before, this time the distance between laser and detector was increased stepwise up to 70 m, the maximum possible extent in laboratory. The transmitted optical radiation was detected in the same way as described above. The low frequency part of the detected electrical signal was extracted with a filter circuit and used to monitor the amplitude of the detected signal on a lock-in amplifier, whereas the high frequency part of the signal was directly fed in to a television receiver. While the signal level dropped by more than 10 dB due to the spreading of the laser beam, the transmitted picture and sound remained without any noticeable quality loss. This link ran continuously and stably for more than 8 hours and proved surprisingly insensitive against vibration, requiring only slight readjustments over a period of several months.
Conclusion:
In conclusion we demonstrated for the first time the use of QC-lasers for telecommunication applications in an optical free space transmission link. The possible high frequency limits of the setup were estimated and in an experimental link, a television signal transmitted over a distance of 70 m.
As seen from the modulation experiments, even with non-optimized components high frequency data transmission with bandwidths in the Gb/s-range should be possible and is the aim of future projects. Generation and detection of QC-laser modulation up to nearly 10 GHz have already been demonstrated utilizing quantum-well infrared photodetectors (QWIP) and HF-optimized packaging [9] promising a further increase of the accessible bandwidth. Combining these with optimized optics to extend the link distance should allow state of the art high-speed data transmission over distances in the km-range. 
